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Pulmonary Damage by Vibrio vulnificus Cytolysin
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Vibrio vulnificus is an estuarine bacterium that causes septicemia and serious wound infection. Cytolysin
produced by V. vulnificus has been incriminated as one of the important virulence determinants of bacterial
infection. Cytolysin (8 hemolytic units) given intravenously to mice via their tail veins caused severe hemocon-
centration and lethality. Cytolysin treatment greatly increased pulmonary wet weight and vascular permeabil-
ity as measured by 125I-labeled albumin leakage without affecting those factors of other organs significantly.
Blood neutrophils were markedly decreased in number after cytolysin injection, with a concomitant increase
in the level of pulmonary myeloperoxidase activity, indicating that cytolysin-induced neutropenia might be due
to pulmonary sequestration of neutrophils. By microscopic examination, severe perivascular edema and
neutrophil infiltration were evident in lung tissues. These results suggest that increased vascular permeability
and neutrophil sequestration in the lungs are important factors in lethal activity by cytolysin.

Vibrio vulnificus is an estuarine bacterium that causes septi-
cemia and serious wound infections in persons who are immu-
nocompromised or have underlying diseases, such as liver cir-
rhosis or hemochromatosis (7, 25). To establish cytolysin as
one of a number of possible virulence determinants, a previous
study by Kreger and Lockwood (17) demonstrated that the
cytolysin present in a culture medium of V. vulnificus showed a
cytotoxicity for mammalian cells in culture and acted as a
vascular permeability factor.
V. vulnificus cytolysin, produced by most pathogenic strains,

is a water-soluble polypeptide with a Mr of 51,000 (14, 22).
V. vulnificus cytolysin is extremely toxic, and even a submicro-
gram amount of cytolysin is fatal to mice when injected in-
travenously. We already reported that hemolysis caused by
V. vulnificus cytolysin is colloid-osmotic in nature and that
cytolysins, after binding to membranes, were oligomerized to
form Ca21 ion-impermeable small pores on cell membranes
(15, 24). But the recognition that cytolysin generates trans-
membrane pores does not in itself explain its pathogenetic role
in bacterial infections. Cell surface factors, although poorly
understood, may influence the binding and oligomerization of
toxins on target cells, and various cell types may differ widely
and unpredictably in their susceptibilities toward a given toxin
(6). Little is known about the target cell of V. vulnificus cyto-
lysin in the body and the relationship between its lethal activity
and the cytotoxic mechanism involving pore formation.
Cytolysin injected subcutaneously into mice caused severe

structural alteration of skin, and the tissue damage induced by
cytolysin was very similar to that shown in V. vulnificus wound
infections (12). In this report, we have studied the systemic
effects of V. vulnificus cytolysin injected via the tail veins of
mice and demonstrated that the lungs are the major target
organ and that neutrophils might be involved in the pulmonary
damage and lethality of cytolysin.

A virulent strain of V. vulnificus, E4125, was kindly supplied
by M. H. Kothary (Department of Microbiology, Virulence
Assessment Branch, Center for Food Safety and Applied Nu-
trition, Food and Drug Administration, Washington, D.C.).
The strain was cultured in heart infusion diffusate broth (Gibco)
at 378C for 4 h as described by Kreger et al. (18), and cytolysin
was homogeneously purified from the culture supernatant by
ammonium sulfate fractionation, calcium phosphate gel ad-
sorption, quaternary methylamine anion-exchange chromatog-
raphy, and octyl-Sepharose CL-4B chromatography as de-
scribed by Kim et al. (14).
The hemolytic activity of cytolysin against mouse erythro-

cytes was determined by the method of Bernheimer and
Schwartz (3). The cytolysin was diluted with phosphate-buff-
ered saline (PBS) (67 mM Na2HPO4, 77 mM NaCl [pH 7.4])
containing 1 mg of bovine serum albumin (BSA) per ml. One
milliliter of cytolysin was mixed with the same volume of 0.7%
mouse erythrocyte suspensions in PBS-BSA. After incubation
at 378C for 30 min and brief centrifugation, A545 of hemoglobin
in the supernatant was measured. One hemolytic unit (HU) is
defined as that amount which liberates half of the hemoglobin
in the erythrocyte suspensions.
Cytolysin diluted in 0.1 ml of PBS-BSA at doses of 1, 2, 4, 8,

and 16 HU was injected intravenously via the tail veins of adult
male BALB/c mice (25 to 30 g each) in groups of five. The
control group was injected with PBS-BSA. About half of the
animals were killed at a dose of 4 HU in 24 h, and all the mice
were killed in about 6 h at a dose of 8 HU (100 ng). Our
findings were similar to those of Gray and Kreger (11) in that
the 50% lethal dose of purified V. vulnificus cytolysin for mice
was 6 HU when it was administered intravenously. Many cy-
tolysins, such as Escherichia coli hemolysin or staphylococcal
alpha-toxin, usually require higher doses for lethal activity in in
vivo experiments because of the inactivation by plasma com-
ponents (4, 5). In contrast, V. vulnificus cytolysin was stable in
mouse plasma (data not shown). At various times from 0 to 4 h
after the intravenous injection of cytolysin at a dose of 8 HU,
changes in the hematocrits were determined (Fig. 1). Hemat-
ocrits began to increase after 30 min, reaching 65% in 4 h.
These results suggest that cytolysin caused an increase in the
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level of extravasation of fluid from the blood vessels and con-
sequent hypovolemic shock.
To investigate the target organ of cytolysin, tissue injury was

assessed after the injection of cytolysin at a dose of 8 HU
(Table 1). The amount of tissue injury was estimated by the
increase of both wet weight and vascular permeability esti-
mated from the leakage of 125I-BSA (29, 31). After concomi-
tant injection of cytolysin and 0.1 mCi of 125I-BSA, tissues were
dissected at 4 h, washed in cold saline, and weighed, and their
levels of radioactivity were determined. Vascular permeability
was expressed as the tissue-to-blood ratio of 125I-BSA. The
125I-BSA was prepared by the standard method with Iodo-Gen
(1,3,4,6-tetrachloro-3 a,6 a-diphenylglycouril; Sigma) (8).
Among the tissues studied, a significant increase in wet weight
was observed only in lung tissues at 4 h after injection, without
significant changes in the wet weights of other tissues, includ-
ing those of the liver, kidney, spleen, heart, and brain. The
permeability indexes calculated from the leakage of the 125I-
labeled BSA showed a great increase above normal levels only
for the lung tissues.
For the microscopic examination, excised tissues were fixed

in 10% neutral-buffered formalin (0.1 M phosphate, pH 7.4).
Samples were washed, dehydrated with graded alcohols, and
embedded in paraffin. Six-micrometer sections were stained by
hematoxylin and eosin. Under the microscope, severe perivas-
cular edema and congestion were evident in the lung tissues
(Fig. 2B). No significant morphologic changes were observed
in other organs during the 4 h after cytolysin injection.
These results indicate that increased pulmonary vascular

permeability and resulting hypovolemic shock are the major
causes of death in mice and that the lungs are the major target
organ of cytolysin in the body.
Severe leukopenia was found at 1 h after cytolysin injection

of 8 HU and persisted until 4 h had passed (Fig. 3). Leukocytes
in blood samples were counted with a hemocytometer. Most of
the removed leukocytes were neutrophils (data not shown).
The level of pulmonary myeloperoxidase activity began to in-
crease with a concomitant increase of lung tissue wet weight
(Fig. 3). Myeloperoxidase is a constituent enzyme of azuro-
philic neutrophil granules constituting 5% of neutrophil dry
weights (16, 28) and has been used as an indicator of neutro-
phil accumulation in lung tissues (2, 9).
Myeloperoxidase activity in lung tissue was measured by the

method of Anderson et al. (2) with slight modification. Lung
tissues were washed with saline, homogenized for 30 s in 2 ml
of 20 mM potassium phosphate buffer (pH 7.4) with a Polytron
homogenizer (Kinematica), and centrifuged at 15,000 3 g for
30 min at 48C (Sorvall; DuPont). After being washed again, the
pellet was resuspended in 2 ml of 50 mM potassium phosphate
buffer (pH 6.0) containing 5 mg of hexadecyltrimethyl ammo-
nium bromide per ml. After sonication for 90 s and centrifu-
gation at 15,000 3 g for 15 min, the supernatant was used to
assay myeloperoxidase activity.
One hundred microliters of supernatant was added to 1.4 ml

of 50 mM potassium phosphate buffer (pH 6.0) containing
0.167 mg of O-dianisidine and 0.005% H2O2 per ml, and the
A460 was measured for 3 min (9). When necessary, samples
were diluted in 50 mM potassium phosphate buffer (pH 6.0)
containing 5 mg of hexadecyltrimethyl ammonium bromide per
ml to maintain the linearity of the time-absorbance plot. One
unit of myeloperoxidase activity is the amount of enzyme that
will reduce 1 mmol of peroxide per min.
Cytolysin-induced neutropenia and the concomitant rise in

the level of pulmonary myeloperoxidase activity indicate that
pulmonary sequestration of neutrophils might be involved in
the pulmonary damage and lethality of cytolysin. Microscopic
findings of increased pulmonary neutrophil infiltration also
supported these results (Fig. 2C).
Multiple-organ failure almost invariably begins with pulmo-

nary dysfunction (20). The weight of evidence indicates that
multiple-organ failure by various causes, including bacterial
endotoxins, is mediated largely by neutrophils (10, 21, 27, 30–
32). The source of these destructive cells is thought to be
marginating neutrophils that remain closely associated with the
endothelia of the small vessels from the mainstream blood flow
(2). They ultimately adhere to endothelia, migrate across base-
ment membranes, and degranulate in tissue interstitia to cause
tissue injury and dysfunction (2, 19, 33). In the lungs, with their
extensive low-pressure microcirculation, large numbers of mar-
ginating neutrophils reside primarily in capillaries (1, 26). Our
results indicate that increased pulmonary vascular permeability
and neutrophil sequestration are important in the lethal activ-
ity of cytolysin injected intravenously. It is tempting to specu-
late that the marginating neutrophils, which predispose the
lungs to destruction by virtue of their large size, their predi-
lection for lung tissues, and their tremendous destructive po-

FIG. 1. Effects of cytolysin on hematocrits of mice. Cytolysin in a dose of 8
HU was injected into mice via their tail veins. At various times, blood hemat-
ocrits were determined. Each point represents the mean 6 the standard error
from five mice.

TABLE 1. Effects of cytolysin on wet weights and vascular
permeabilities of mouse tissues

Tissue

Mean 6 SE of data measuringa:

Wet weight (mg) of: Permeability indexb of:

Control
mice

Cytolysin-
treated mice

Control
mice

Cytolysin-
treated mice

Lung 206 6 15 349 6 19c 0.35 6 0.04 1.64 6 0.31d

Liver 2,001 6 12 1,989 6 32 0.21 6 0.07 0.16 6 0.01
Kidney 265 6 20 276 6 31 0.22 6 0.05 0.22 6 0.05
Spleen 115 6 15 129 6 9 0.13 6 0.02 0.15 6 0.03
Heart 166 6 25 172 6 12 0.18 6 0.01 0.19 6 0.05
Brain 380 6 32 337 6 13 0.05 6 0.02 0.05 6 0.02

a Data are expressed as means 6 standard errors of results obtained from five
mice of each group, and comparisons between groups were performed by the
unpaired Student’s t test.
b The permeability index is expressed as a tissue-to-blood ratio of a 125I-BSA

radioactivity level.
c P , 0.01.
d P , 0.05.
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FIG. 2. Effects of cytolysin on the morphologic change of lung tissues. (A) Light micrograph of mouse lung tissue at 4 h after intravenous injection of PBS-BSA.
A blood vessel is adjacent to a bronchiole. The alveoli are shown as small polyhedral chambers. Magnification,3200. (B and C) Light micrographs of mouse lung tissues
at 4 h after intravenous injection of 8 HU of cytolysin. (B) The perivascular edema and infiltrating leukocytes (asterisks) are shown. Magnification, 3100. (C) Note
the widespread interstitial leukocytes that have infiltrated the perivascular area. Many of the alveoli are filled with edema fluid and leukocytes. Magnification, 3200.
Abbreviations: BV, blood vessel; B, bronchiole; E, perivascular edema.
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tential, play the central role in cytolysin-induced lethality for
mice.
The pathogenetic roles of cytolysin in V. vulnificus infection

are controversial (23, 34), but cytolysin is very powerful and is
still one of the most likely candidates for the pathogenesis of
disease (22). Gray and Kreger (13) detected cytolysin in an
extract from a skin lesion and in sera from mice showing local
and systemic V. vulnificus disease. Our study used a lethal dose
of purified cytolysin, and it was injected in bolus via tail veins.
Massive pulmonary damage could be explained in terms of the
first capillary beds exposed to cytolysin injected intravenously.
Further study is required to coordinate our results with V.
vulnificus infection and to find the original reason cytolysin
causes sequestration of neutrophils and organ damage.
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FIG. 3. Effects of cytolysin on leukocytes, pulmonary wet weights, and my-
eloperoxidase activity. Cytolysin in a dose of 8 HU was injected into mice via
their tail veins. At various times, the numbers of leukocytes (WBC) in blood
samples were determined with a hemocytometer and pulmonary wet weights and
levels of myeloperoxidase (MPO) activity were determined as described in Ma-
terials and Methods. Each point represents the mean 6 the standard error from
five mice.
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